Introduction
============

For a number of decades, enones have been considered one of the most widely used and versatile building blocks in organic chemistry.[@cit1] In addition to their well-recognized classical reactivities, enones have been independently applied in transition metal catalysis and photochemistry to achieve salient chemical transformations. However, the application of the triplet diradical species in transition metal catalysis remains elusive due to the extremely short lifetime (25--35 ns for 2-cyclohexen-1-one)[@cit2] of the triplet diradical ([Scheme 1a](#sch1){ref-type="fig"}).[@cit3] We therefore postulated that such a new reactivity could potentially be realized by adopting recent advances in visible light-mediated nickel catalysis.[@cit4]

![Reactivities of enones and the Giese reaction of C(sp^3^)--H nucleophiles.](c8sc01827h-s1){#sch1}

The Giese addition of carbon-centered radicals directly generated from C--H bond oxidation has been actively investigated in the context of atom-economic C--C bond formation ([Scheme 1b](#sch1){ref-type="fig"}). Classically, the stoichiometric use of oxidants such as hydroperoxides and/or Lewis acids[@cit5] has restricted the scalability of such processes, in addition to presenting environmental concerns. More recently,[@cit6] the visible light-mediated photooxidative generation of α-amino radicals was reported by Pandey--Reiser[@cit7] and Yoon[@cit8] to overcome such shortcomings. However, the scope of this reaction was restricted to *N*-arylisoquinolines, since polymerizable or β-substituted acceptors proved less effective or unsuitable. Furthermore, Albini[@cit9] and Fagnoni[@cit10] reported a series of analogous reactions of α-oxy C--H bonds, but these reactions required the use of UV light, and only limited donor--acceptor combinations were applicable. Moreover, Fagnoni and Melchiorre reported the addition of dioxolanyl or α-amino radicals to iminium intermediates; however, this process was restricted to cyclic enones.[@cit11] Indeed, the utilization of enones as Giese acceptors often yielded poor results due to their high tendency to undergo telomerization or polymerization.[@cit12]

To overcome such limitations, we envisioned an unprecedented utilization of triplet excited enones, generated by Ir-mediated energy transfer,[@cit13] based on the fact that the two resulting radicals have different electronic characters; the α-radical is electrophilic and the β-radical is nucleophilic.[@cit14] In such a system, the nucleophilic β-radical could be selectively trapped by a Ni catalyst, while the electrophilic α-radical could participate in hydrogen atom transfer (HAT) involving the most hydridic C--H bond of the Giese donor to generate a donor radical. Rapid trapping of the donor radical by the Ni catalyst would block any unproductive chain propagation reactions, at the same time giving rise to a high-valent Ni species, which could undergo facile reductive elimination to deliver formal Giese addition products ([Scheme 1c](#sch1){ref-type="fig"}).

Results and discussion
======================

To realize our hypothesis, the readily available β-substituted enone cyclohexen-1-one (**1a**) was chosen as the model acceptor and tetrahydrofuran (THF) was selected as the donor, since this reaction had yet to be achieved through visible light-mediated catalysis ([Table 1](#tab1){ref-type="table"}). Among the various ligands screened, 4,4′-di-*tert*-butyl-bipyridyl (dtbbpy) was examined initially, and furnished the desired product in a low yield (entry 2). Further screenings with similarly structured ligands enabled us to identify 2,2′-bis(2-oxazoline) (BiOx) as the optimal ligand (entry 1). Other Ni([ii]{.smallcaps}) sources such as NiCl~2~·glyme exhibited significantly diminished activities (entry 3). It is also notable that Ni(0) complexes failed to furnish the desired product (entry 4), and control experiments showed that all components were essential for the reaction (entries 5--8). In addition, only a moderate diastereoselectivity was achieved in the optimization process, with a 3 : 2 mixture of stereoisomers being obtained.

###### Optimization of reaction conditions[^*a*^](#tab1fna){ref-type="fn"}

  ![](c8sc01827h-u1.jpg){#ugr1}                                           
  ------------------------------- --------------------------------------- -------------------------------------------------
  1                               As shown                                \>99 (91[^*c*^](#tab1fnc){ref-type="table-fn"})
  2                               dtbbpy instead of BiOx                  31
  3                               NiCl~2~·glyme as the Ni precatalyst     26
  4                               Ni(COD)~2~ as the Ni precatalyst        0
  5                               No NiBr~2~·glyme                        0
  6                               No BiOx                                 0
  7                               No Ir\[dF(CF~3~)ppy\]~2~(dtbbpy)PF~6~   0
  8                               No light source                         0

^*a*^ **1a** (0.20 mmol), NiBr~2~·glyme (5 mol%), BiOx (15 mol%), Ir\[dF(CF~3~)ppy\]~2~(dtbbpy)PF~6~ (1 mol%), and THF (2.0 mL) irradiated with a 34 W blue LED.

^*b*^GC yields calculated using dodecane as the internal standard. d.r. = 3 : 2.

^*c*^Isolated yield.

With the optimized conditions in hand, the scope of the reaction was evaluated ([Table 2](#tab2){ref-type="table"}). For cases where the photocatalyst was insoluble, acetonitrile was used as a co-solvent. Various ethers including tetrahydropyran (THP), diethyl ether, and *tert*-butyl methyl ether were compatible with this reaction system (**3a--5a**). To our delight, the reaction scope was not restricted to ethers, with toluene delivering the corresponding benzylated product in a moderate yield (**6a**). The allylic C--H bond was also successfully functionalized in a good yield (**7a**).

###### Substrate scope[^*a*^](#tab2fna){ref-type="fn"}

  -------------------------------
  ![](c8sc01827h-u2.jpg){#ugr2}
  -------------------------------

^*a*^Enone (0.20 mmol), NiBr~2~·glyme (5 mol%), BiOx (15 mol%), Ir\[dF(CF~3~)ppy\]~2~(dtbbpy)PF~6~ (1 mol%), and donor (4.0 mL) irradiated with a 34 W blue LED. All yields refer to isolated yields. d.r. = 3 : 2.

^*b*^MeCN (0.5 mL) was used as a co-solvent.

^*c*^2.0 mL of donor was used.

^*d*^d.r. = 1 : 1.

^*e*^d.r. = 2 : 1.

In terms of the enone scope of this reaction, cyclic enones provided excellent yields (**2a**, **2b**), with the reactivity being mostly preserved even when addition occurred at a sterically congested neopentyl center (**2c**). For acyclic enones, alkyl or aryl substituents were compatible on both sides (**2d--2g**). In addition, the functional group tolerance of this system was assessed using a range of chalcones, which represent a key structural motif in medicinal chemistry.[@cit15] Furthermore, electron donating groups generally promoted high reactivity, likely due to enhanced stabilization of the excited triplet state (**2h--2n**, **2u**, **2x**). Gratifyingly, the hydroxy functional group, which is key to the bioactivity,[@cit16] was also tolerated in our system (**2n**). Chalcones bearing fluorine and chlorine substituents also gave the desired products in good yields (**2o**, **2p**, **2s**, **2t**). However, chalcones bearing strongly electron withdrawing groups reulted in reduced yields (**2q**, **2r**). Disubstituted chalcones with a range of electronic properties gave the desired products in good yields (**2v--2y**). Finally, naphthyl and heteroaromatic moieties were also compatible with the developed conditions (**2z--2ab**). To highlight the unprecedented scope of the developed methodology, we note that the majority of these products were reported for the first time herein.

We then moved on to examine the mechanism of this reaction system. To determine whether any photoredox processes occur under the reaction conditions, we initially examined **1a** by cyclic voltammetry both in the presence and the absence of stoichiometric amounts of the *in situ*-generated Ni(BiOx)Br~2~ complex. In both cases, the voltammograms indicated that neither oxidation nor reduction took place in the active range[@cit17] of the photocatalyst (Fig. S1--S3[†](#fn1){ref-type="fn"}) as expected from the reduction potential,[@cit18] thereby implying that no photoredox process involving **1a** took place.

To determine the possibility of photocatalytic energy transfer, the same reaction was conducted under UV-C (254 nm) irradiation in the presence of UV triplet sensitizers ([Scheme 2a](#sch2){ref-type="fig"}).[@cit2],[@cit19] Although the desired products were obtained in lower yields, photosensitizers exhibiting higher triplet energies gave higher product yields, strongly suggesting that an energy transfer mechanism is indeed involved.[@cit20] In addition, Mn powder (*E*^o^ = --1.42 V *vs.* SCE (saturated calomel electrode)),[@cit21] which was used as an external reductant (comparable to *E*~1/2~ (Ir([iii]{.smallcaps})/Ir([ii]{.smallcaps})) = --1.37 V *vs.* SCE),[@cit17] also failed to promote the desired reaction, again indicating that a photoredox-mediated pathway does not prevail.

![Mechanistic studies.](c8sc01827h-s2){#sch2}

However, for the above experiments, it must be noted that the triplet energy of benzil was not sufficient to excite **1a**. This indicated that the Ni complex assisted the triplet state excitation, analogous to the Sc-mediated process reported by Yoon.[@cit13a] Thus, to assess the role of Ni in the generation of enone triplets, photodimerization experiments were conducted ([Scheme 2b](#sch2){ref-type="fig"}). The \[2+2\]-self-dimerization of **1a** was efficient under neat conditions, furnishing the head-to-head dimer **3** and the head-to-tail dimer **4** in a combined yield of over 70% accompanied by other isomers. The result implies that the energy transfer from the photocatalyst to the enone is a facile process. To observe the Ni effect on the energy transfer process, the reactions were checked in a shortened reaction time (2 h) with a reduced loading of the Ir photocatalyst (1 mol%). Over five-fold enhancement of the reaction yields was obtained in the presence of the Ni catalyst, suggesting that the Ni complex can activate enones, facilitating the energy transfer. The possibility of Ni-catalyzed dimerization was dismissed, as the dimerization product was not observed without light or the Ir photocatalyst. In addition, first order kinetics were observed with respect to the Ni catalyst (Fig. S4[†](#fn1){ref-type="fn"}), thereby indicating the involvement of Ni prior to the rate-limiting steps (*vide infra*), and implying Ni involvement in the HAT process.

To check the possibility of a reaction mechanism which involves Lewis acid activation of enones followed by a direct Giese propagation process as proposed by the Yoon group,[@cit8] the reaction progress was monitored with alternating periods of illumination and darkness (Fig. S5[†](#fn1){ref-type="fn"}). The formation of the product was only observed during illumination, thereby excluding any persistent chain-propagation pathway. Moreover, the experimentally measured quantum yield (0.18) conclusively ruled out the chain propagative mechanism (see the ESI[†](#fn1){ref-type="fn"} for details).[@cit22] In addition, all examined Lewis acids or Brønsted acids with the exception of Ni([ii]{.smallcaps}) sources provided unmanageable mixtures, likely due to polymerization (Table S1[†](#fn1){ref-type="fn"}).

Subsequently, to further examine the HAT event, the reaction was conducted using THF-*d*~8~ ([Scheme 3](#sch3){ref-type="fig"}). Notably, the isolated adduct showed full incorporation of a single deuterium atom at the α-position. Furthermore, the addition of water to the reaction mixture had no effect on the deuterium content, thereby confirming that the α-radical is responsible for the HAT process, and excluding the involvement of enolate intermediates and a further possible mechanism involving Ni-hydride intermediates, as recently reported by the Wu group.[@cit23] Moreover, a halogen radical-mediated HAT process[@cit24] was also excluded as all deuterium was incorporated at the α-position even in the presence of water with the fact that NiCl~2~·glyme exhibits a lower reactivity ([Table 1](#tab1){ref-type="table"}, entry 3).

![Deuterium incorporation study.](c8sc01827h-s3){#sch3}

The absolute regioselectivity of the HAT process is believed to result from the initially postulated difference in radical polarity, as in the case of cycloaddition reactions, by achieving the highest degree of HOMO--LUMO matching.[@cit25] Following generation of the diradical, a polarity-matched pseudo-\[2+2\] metalation-HAT process is proposed ([Scheme 4](#sch4){ref-type="fig"}). Nevertheless, it is currently unclear whether this is a stepwise or concerted process.

![Depiction of the HAT process.](c8sc01827h-s4){#sch4}

To further unveil the underlying photocatalytic process, Stern--Volmer quenching experiments of the Ir photocatalyst were conducted with the *in situ* generated Ni(BiOx)Br~2~ complex, and with **1a** (Fig. S10 and S11[†](#fn1){ref-type="fn"}). Both showed similar degrees of quenching, indicating that both the Ni catalyst and enone could interact with the photocatalyst. These results not only support the energy transfer between the enone and the photocatalyst but also indirectly indicate the initial photoreduction of the Ni([ii]{.smallcaps}) precatalyst to a Ni([i]{.smallcaps}) species which participates in a Ni([i]{.smallcaps})/Ni([iii]{.smallcaps}) cycle,[@cit26] excluding the involvement of a highly unlikely Ni([iv]{.smallcaps}) species in the catalytic cycle.

Competition experiments were then conducted to verify the possibility of selective C--H functionalization ([Scheme 5](#sch5){ref-type="fig"}). Based on the reaction rates and product yields observed under the standard conditions, the reactivity order ranks as follows: THF, cyclohexene, and then toluene. Indeed, the experimental results supported this order, with the exception of the THF/cyclohexene competition experiment. Thus, to determine the origin of this result, kinetic isotope effects (KIEs) were measured ([Scheme 6](#sch6){ref-type="fig"}), and a primary KIE (*k*~H~/*k*~D~ = 3.13) was observed for THF, indicating that the HAT step is the rate-limiting step (rls). In contrast, secondary KIEs (toluene, 1.40; cyclohexene, 1.45) were observed for the other donors, indicating a kinetic shift in the reaction mechanism. Presumably, the rls shifted to the reductive elimination step, owing to the relative weakness of π-conjugated C--H bonds, resulting in non-rate-limiting HATs. The comparatively late rls accounts for the second entry, since the kinetically favored cyclohexenyl-bound Ni complex would dominate.

![Competition experiments.](c8sc01827h-s5){#sch5}

![Kinetic isotope effect experiments.](c8sc01827h-s6){#sch6}

Based on the experimental results, a plausible reaction mechanism was proposed, as outlined in [Scheme 7](#sch7){ref-type="fig"}. After the photoreduction of the Ni([ii]{.smallcaps}) precatalyst, the Ni([i]{.smallcaps}) catalyst binds to the enone substrate, followed by facile triplet excitation *via* Ir-mediated energy transfer. The resulting diradical then participates in a \[2+2\]-like metalation-HAT process, controlled in a perfectly regioselective fashion by the matching of radical characters. This gives rise to a dialkyl Ni([iii]{.smallcaps}) species, which undergoes reductive elimination to furnish the desired product, thereby completing the catalytic cycle. A catalytic cycle involving Ni(0) species can be ruled out since the Ni(0) source fails to promote the reaction ([Table 1](#tab1){ref-type="table"}, entry 4).

![Proposed reaction mechanism.](c8sc01827h-s7){#sch7}

Conclusions
===========

In conclusion, we herein described a novel reactivity of enones, namely a direct C--H bond activation/formal Giese addition reaction, where the enone triplet diradical acts as two distinct reaction centers. More specifically, the diradical appears to participate in a pseudo-\[2+2\] metalation-HAT process, which ultimately enables net C--H bond addition across activated olefins for a broad range of substrates in the presence of various functional groups. The developed reaction not only serves as an efficient method for the preparation of functionalized ketones, but can also be considered an innovative platform for the elusive application of excited enone triplets in transition metal catalysis.
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